INTRODUCTION
In 1988, the U.S. Geological Survey (USGS) began a study to develop new insights into sensitivities of water resources to effects of climatic changes that may result from global warming in the next several decades (Ayers and Leavesley, 1988) . Projections of climatic conditions, as made by general circulation models (GCM's) for a doubling of atmospheric carbon dioxide from its concentration in 1988, are used as the basis for evaluating potential changes in the availability of water in the Delaware River Basin and in water levels of the Delaware Estuary.
This study was focused on defining the basic relations between water-resource systems of the Delaware River Basin and current climatic variables, and on assessing the sensitivities of these relations to climatic change. The principal objectives were to define the temporal and spatial variability of basin hydrology under existing climatic conditions, to develop climate-change scenarios, and to evaluate the potential responses, under these scenarios, of several aspects of the availability of surface and ground water: Streamflow and water storage associated with the New York Gty and other reservoir systems; upstream movement of saline water in the Delaware Estuary caused by changes in sea level and freshwater inflow; and the concomitant intrusion of saltwater into aquifers adjacent to the Estuary (Ayers and others, 1989) .
A review of available hydrologic-simulation techniques that could be used to model the Delaware River Basin was made early in the investigation. This review indicated that application of Hydrologic Simulation Program Fortran (HSPF) would provide a very satisfactory hydrologic model, owing to the versatility and comprehensiveness of its modeling capabilities. The HSPF computer program is a physically based, comprehensive mathematical mechanism for deterministically modeling watershed hydrologic response, water quality, agricultural chemical migration, and environmental risk (U.S. Environmental Protection Agency, 1984) . Full application of HSPF proved impractical because the digital data bases containing the necessary geographic coverages of geologic, soil, land-use, and climatic information were incomplete for the basin. It was beyond the scope of the study to assemble the huge amount of data needed to apply HSPF fully. Subsequently, the TOPMODEL precipitation-runoff modeling technique (Beven and Kirkby, 1979 ) was chosen to model the hydrology of the basin (Wolock, 1993) for three hydrologic-sensitivity evaluations of >he climate change. TOPMODEL requires much less input data than does HSPF, but it yields sufficiently accurate estimates of streamflow to stochastically evaluate the effects of changes in climate.
In anticipation of future needs for a more precise flow-routing model than that provided by TOPMODEL, the streamflow-routing module of HSPF was applied to the Delaware River and its principal tributaries. The quality of a time ser! of streamflow values that are synthetically generated by HSPF or by any other rainfall-runoff model ot basin can best be evaluated on the basis of how well these values replicate observed streamflow data. Hie purpose of this study was to develop the channel-routing calibration that would be needed to r0 ate time s' -s of generated streamflows through the basin reliably. Calibration of HSPF's routing-applicaHon module, RCHRES, to the range of flows that have been observed at gaging stations, was necessary to r -are that this routing model will realistically simulate the translation of synthetically computed runoff along major stream channels. This report summarizes the procedures used in that calibration, the accuracies of calibration for various stream segments, and the results of model verification.
The following streams were selected for flow-routing calibration: East Branch Delaware River from Pepacton Reservoir to confluence with West Branch Delaware River; West Branch Delaware River from Cannonsville Reservoir to confluence with East Branch Delaware River; Delaware River from confluence of East and West Branches to Trenton, N.J.; Lackawaxen River, from Prompton Reservoir on the West Branch and from General Edgar Jadwin Reservoir on Dyberry Creek to confluence with Delaware River; Neversink River from Neversink Reservoir to confluence with Delaware River; Lehigh River from Francis E. Walter Lake to confluence with Delaware River; Schuylkill River from Landingville, Pa., and Little Schuylkill River from Tamaqua, Pa., to confluence with the Delaware Estuary; and Brandywine Creek, from Modena, Pa., on the West Branch and from Downingtown, Pa., on the East Branch, to confluence with Christina River.
Hydraulic conditions upstream from the modeled segments and their contiguous reservoirs, as well as inflows from small tributaries to principal stream channels, are expected to have minor effects on hydrographic response in the Delaware River, in the lower reaches of principal tributaries, or in the estuary. Therefore, upstream and minor tributary reaches were not modeled for flow routing.
DESCRIPTION OF THE STREAMFLOW-ROUTING MODEL

Framework of the Model
The HSPF modeling system consists of a large set of software modules that simulate quantity and quality of water in various hydrologic processes. These modules are arranged in a hierarchical structure. The user-oriented, structured design permits convenient inclusion of various simulation and utility modules, either individually or in combination. Streamflow-routing models developed for the Delaware River and its principal tributaries are applications solely of the RCHRES module. Complete documentation for Release 9.0 of the HSPF system is contained in the Users Manual (U.S. Environmental Protection Agency, 1984) .
The RCHRES module is designed to simulate the propagation of streamflows and several waterquality constituents through channel segments and reservoirs. Simulations of streamflow require use of the hydraulics section (HYDR) of this module. It is executed by inclusion of indicator flags for activation, specifications of input and output files for the time series of stream discharges, identification of the desired options of hierarchical calculations used in computing volumes of water stored in and entering the stream reaches (or reservoirs), and function tables (F-tables) that relate reach volumes to specified discharge magnitudes. The user-control input necessary to run the module is coded into operational blocks in a prescribed 80-character record. An example of user-control input for calibrated contiguous reaches is shown in table 1. This example constitutes the RCHRES model for the main stem of the Delaware River from the East Branch Delaware River to Trenton, N.J. Table 1 . Example of user-control input for the RCHRES application module-Continued ********^Q********20********30********40********50********60********70********80 The RCHRES module simulates the movement of volumes of water through each designated reach in a unidirectional, step-wise "storage-routing'7 process. The time step is ordinarily the time interval of the input flow values, such as "daily." However, a provision to partition input streamflow values into onequarter time steps, or a 6-hour partition of daily values, greatly enhances hydrographic simulation when the traveltime for flow is less than the time interval of the input flows, as might occur when a daily time step is used for a short reach of stream.
A schematic diagram for the application of the HYDR section to streamflow in a reach (or reservoir) is shown in figure 1 . All inflows to the reach (code-named IVOL), regardless of the actual physical point of entry, are input at the start of routing. These accumulated inflows are designated VOL within the reach. Natural fluxes of water in a reach, PRSUPY and VOLEV for precipitation and evaporation in figure 1 , were deemed inconsequential to the development of the routing models because they have no bearing on the volume-discharge relations for the stream channels. These fluxes could be easily included by adding the climatic data to the time-series file. Outflows (OVAL) can be routed to as many as five exits. The total of these outflows is code-named ROVOL. The routing method is based on the continuity equation VOLE -VOLS = IVOL -ROVOL, where VOLE is volume at the end of the simulation interval, VOLS is volume at the start of the simulation interval, and IVOL and ROVOL are as previously defined. Equation 1 can be written as VOLE = VOLT-ROVOL, where VOLT is IVOL + VOLS.
(1) (2) The volume at the end of the simulation interval (VOLE) is derived with Equation 2, for which ROVOL is estimated by ROVOL = (KS*ROS + COKS*ROD)*DELTS,
where KS is a weighting factor (between 0 and 1.00), ROS is total rate of outflow from the reach at the start of the interval, COKSisl.OO-KS, ROD is total rate of outflow demand for the end of the interval, and DELTS is the simulation interval, in seconds. In conjunction with COKS, KS serves as a mechanism for differential weighting of inflow and outflow rates. It is selected by the user or, alternatively, by default. A value of 0.5, or slightly less, usually gives the most accurate results.
Equation 2 can be rewritten as VOL = VOLT -(KS*ROS + COKS*ROD)*DELTS.
Another relation is needed to solve for unknowns VOL and ROD. ROD can be a function of VOL and a demand (or a diversion), which is a function of time, t. Thus; ROD = function(VOL,t). If streamflow is not diverted from a reach as a function of date and time, then
The solution of Equations 4 and 6 provides the total rate of outflow (discharge) at the end of each interval in such a simulation. Figure 2 shows that the point of intersection of Equations 4 and 6 provides a rate of outflow for the specified VOL in the reach at the end of any time step. The average outflow rate for the DELTS intervals in a time step (for example, 1 day) is the average discharge. Several outflow demands, or discharges, may be volume dependent. The most simple application for the functional relations assumes (1) a fixed relation exists between water-surface elevation, surface area, and volume; and (2) the functional relation between volume (VOL) and outflow demand (discharge) is constant in time. There are capabilities in RCHRES for varying the functional relation with time or season, but no attempts were made to incorporate the minor refinements of such capabilities in this application. The volume-discharge relation (equation 6) is specified in an F-table for the reach, which also specifies the associated values for depth and surface area. F-tables may be included in the user control input (table 1) or they may be stored in a Watershed Data Management file, which is a file of data in a special binary format. This file was used for all inputs and outputs of time-series data for the simulations of this study. Statistical measures of streamflow were used to specify outflow demands that functionally relate to volumes for each of the study reaches. To span the range of most flows and to provide adequate resolution to the functional relations between discharge and volume, the following eight statistical measures of flow were selected for the F-tables: zero; 7-day, 10-year low; 10th, 50th, and 90th duration percentiles; and 2-, 10-, and 100-year flood magnitudes. Discharge rates for these statistical flows were determined by application of WATSTORE (Hutchinson, 1975) statistical programs to those daily and peak discharge records that are representative of current hydrologic conditions. Discharge rates at ungaged sites were interpolated from per-square-mile values at gaged sites and drainage areas. Discharges determined for the 10-and 100-year floods are consistent with those reported in Rood Insurance Studies published by the Federal Emergency Management Agency.
Reaches Modeled
The modeled streams, as described in the Introduction, were subdivided into 31 reach segments, the end points of which coincide with stream-gaging stations or confluence sites. Features of these reaches, including length, end-point sites, upper-end and lower-end drainage areas, downstream elevation of water-surface at median flow, average slope, and a discharge-weighting factor for calculating streamflows in the simulation interval, are shown in table 2. Figure 3 shows the drainage basin of the study area, locations of streamflow-gaging stations that provided the daily flow records used to develop the models, and the locations of principal reservoirs. Streamflow records for 53 gaging stations were up^d directly in model development. Records for the most downstream gaging stations on the Delaware River, Schuylkill River, and Brandywine Creek were used to verify routed daily flows for these streams.
Streamflow Records
Records of daily mean streamflows that were used to calibrate and verify the HSPF models are those for various USGS streamflow-gaging stations in the Delaware River Basin. These records are maintained in the "Daily Values" computer me of the WATSTORE (Hutchinson, 1975) data-storage system. Table 3 presents the downstream-order listing of the gaging stations. The drainage areas at these gaging stations and the river-mile locations of gaging stations within modeled reaches are included in this table. Daily discharges for gaging stations at the downstream ends of modeled reaches, as listed in table 2, are the hydrographic record that the models were calibrated to replicate. Discharge records for the other gaging stations provided hydrographic input at the upstream ends of the modeled streams, hydrographs of gaged tributary inflows, and a basis for estimating ungaged tributary inflows.
Data Management
Input and output data for the RCHRES application module, except for F-tables directly input by the user control code, were managed with the computer program ANNIE (Lumb and others, 1990) . ANNIE stores hydrologic data in a direct-access, binary data library called a Watershed Data Management (WDM) file. In addition to the usual desirable functions for manipulating time-series data for hydrologic-modeling purposes create, input, add, modify, copy, select, transform, partition, adjust time coordinates, export, and delete these data can be tabulated, graphed, and subjected to selected statistical analyses. Plots and statistical summaries of time-series data shown elsewhere in this report were prepared with ANNIE.
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3 Discharge-weighted distance from the two upstream gaging stations to the downstream station. Figure 3 . Drainage area of the Delaware River Basin and locations of principal reservoirs and stream gages that provided daily-discharge records for model calibration. 
CALIBRATION OF THE MODELS BY STREAMFLOW SIMULATION
The HYDR section of the RCHRES module was calibrated to simulate available records of daily streamflows for calendar years 1979-83 at the downstream ends of the selected reaches (table 2) . Calibration for successive reaches was achieved by adding hydrographs of gaged inflows to estimated hydrographs for ungaged, contributory drainage areas and then routing the composite hydrograph through the reach. The simulated outflow hydrograph provided the primary input for the successive, downstream reach. Estimates of the functional relation between reach volume and outflow rate are contained in the F-tables, which constitute the other necessary input data for routing. These relations can be adjusted by successive approximations until the simulated outflow suitably replicates the observed outflow. Adjustment of the volume-outflow relation often is complicated by the need to estimate a large part of the tributary inflow to the reach. These estimates of inflows usually are obtained by applying selected weighting factors to one or more hydrographs of gaged flows for the modeled stream, for influent streams, or for other small streams in and near the study basin. In general, as the proportion of estimated inflow increases, the accuracy of the simulation decreases throughout the range of observed outflows. Owing to errors and timing differences in the input hydrographs, exact duplication of the daily streamflow record observed at the downstream end of a reach is seldom possible. Additionally, results of the simulation are affected by the selected value of the routing factor KS. RCHRES does not contain an automated optimization routine for the volume-outflow relation or KS. Verification of the calibration, by repeating the simulation with a wide range of daily streamflows for another period, will usually disclose any calibration errors of significance.
F-Table Generation and Refinement
A series of trial-and-error approximations were made to obtain flow-calibrated relations between reach volumes and statistical outflow rates. F-tables are satisfactorily calibrated when the shapes of the simulated and observed outflow hydrographs closely match. A reliable approximation of the volumeoutflow relation can be obtained only where the daily volumes of inflow, which the program requires be inserted at the head of each reach, closely match outflow volumes throughout the observed range of streamflows. For this reason, the streamflow data available for the estimation of ungaged inflows have a strong effect on the accuracy of the simulation.
A first approximation of the volume-outflow relation for each modeled reach was calculated from reach-length and cross-sectional data. Reach lengths (table 2) were measured on 71 /2-minute topographic maps (U.S. Geological Survey, 1989; 1990) . The cross-sectional data were obtained from several sources an unpublished computer file of step-backwater data for the Delaware River below Tocks Island, prepared by the U.S. Army Corps of Engineers, Philadelphia; channel-geometry data developed for the preparation of Hood Insurance Studies by various contractors to the Federal Emergency Management Agency; and, in the absence of surveyed cross-sectional data, the topographic maps.
Two channel cross sections, one near each end of the reach, usually were sufficient to calculate suitable first estimates of reach volumes for each of the selected statistical outflow rates. Broad floodplains in a reach, such as those associated with braided and anabranched channels, often required a third representative cross section to provide sufficient volume to compute the first simulation. In retrospect, a considerable savings in effort could have been achieved by the use of three or four widely spaced cross sections for each of the longest streams to develop generalized, stream-specific volume-discharge relations for the selected statistical measures of flow. Initial volume-outflow relations could have been satisfactorily interpolated for the various reaches in the Delaware, Lehigh, and SchuylkiU Rivers from such relations.
The first step in the calibration process was to estimate inflows from daily streamflow data for selected gaging stations and to test these estimates by means of simulations with HYDR until the routed volumes matched observed outflow volumes to within 10 percent. Next, the volume-outflow relations were graphically smoothed to remove any irregularities inadvertently introduced by use of atypical cross sections. Additional adjustments of the volume-outflow relations, to provide more or less storage for selected ranges of streamflow, were needed to differentially shift timing within the simulated hydrographs. All but 2 of the 31 original volume-outflow relations required some modification.
Adjustments to the slopes of some of these relations resulted in both positive and negative changes in reach volumes. The largest adjustment to a particular volume was 220 percent; however, most volumes were changed by less than 50 percent in this calibration. For some reaches, no configuration of the volumeoutflow relation could be devised to provide accurate timing of the simulated hydrograph throughout its entire range in discharge. In most such cases, a reselection of streamflow records for the estimation of ungaged inflows led to an improved simulation.
Root mean square errors, bias, and standard errors of estimate for simulated daily discharges were the principal statistical measures used to evaluate the quality of the streamflow simulations for the calibration period.
The calibrated volumes and their associated statistical discharge values (outflow rates) are shown by reach in table 4. Data in the first two and last columns of this table depth, area, and traveltime are not required for flow routing. Stream depth, which was determined from gaging-station data and synthetically derived stage-discharge relations for the downstream end of each reach, can be used in conjunction with other data inserted in the user-control input to compute selected hydraulic parameters. Similar use can be made of surface-area data. Surface areas were calculated for the F-tables from the crosssectional data used to make the initial estimates of the volume-outflow relations. These estimates of surface areas in the reaches could be used in a HSPF flow-generation model in which precipitation and evaporation on the stream surface are taken into account. Approximate traveltimes were calculated by dividing reach volumes by corresponding discharges. These are the theoretical average traveltimes for the selected statistical discharges of the volume-outflow relations. 1 Average depth of flow at end of reach-as derived from discharge rating curves for gaging stations and cross-sectional information for gaging stations and other locations.
2 Approximate surface area. 3 Values were determined by trial-and-error modification of initial estimates in the calibration of the flow-routing model to replicate streamflow hydrographs.
4 Indicated discharges are for the following sequence of statistical flows: zero; 7-day, 10-year low; lower decile; median; upper decile; 2-year flood; 10-year flood; and 100-year flood.
5 Computed by dividing the calibrated volumes by the indicated discharges. Traveltime is not a required input to the RCHRES module of HSPF. Reach lengths are given in table 1.
6 Flow substantially reduced by withdrawals for the City of Philadelphia. 7 Cannot be estimated from indicated discharge.
Estimation of Ungaged Inflow
Streamflow records for gaged tributaries provided a means of accurately estimating a substantial part of the inflow to several reaches; however, for most reaches all or a part of the incremental inflow was estimated from flow records for noninfluent streams. Basin size and proximity to ungaged parts of the watersheds of the modeled streams were the principal measures used in selecting noninfluent streams for which the flow records have transfer value. Initial estimation of the weighting factors to be applied to the daily streamflow records for both influent and noninfluent streams were based on drainage area. Subsequent to the F-table adjustments, which served to match the timing of the simulated hydrographs to that of the observed, simulated discharges were fine-tuned over their ranges of flow in the 5-year calibration period by selective readjustment of weighting factors. These final adjustments to inflow estimates for the individual reaches, as well as minor adjustments to the volume-outflow relations, were made on the basis of multiple-reach simulations, such as those for the Delaware River (table 2). The factors that were calibrated to estimate inflows for the modeled streams are shown in table 5, by reach number and the gaging-station number of the daily streamflow records to which the factors were applied.
Flow-weighting factors are applied in the EXTERNAL SOURCES block of the user-control input, as shown in the example in table 1. The number of the data set in the WDM file containing the source-flow record and the target-reach number for RCHRES also are indicated in this block. RCHRES sums the inflows to the designated reach for each time step. The accuracy of the simulations was improved by partitioning daily discharges into 6-hour time steps for modeling all 31 reaches. Minor adjustment factors also can be applied in the NETWORK block, which specifies the reach-to-reach routing order for multiplereach modeling.
Data provided in tables 2-5 were used to construct flow-routing models, similar to that given in table 1, for the Lackawaxen River, Neversink River, Lehigh River, Schuylkill River, and Brandywine Creek ( fig. 3) . When flow-adjustment factors are used in a multiple-reach model of the Delaware River, care must be taken to ensure that inflows from the modeled tributaries the Lackawaxen, Neversink, and Lehigh Rivers are used only once. Furthermore, only that part of the multiplication factors greater than 1.00 for individual reaches (table 5) 
Sensitivity Analyses
Sensitivity tests were used to evaluate the effects of variables in the HYDR section of the RCHRES module on routing results. The model for reach 13, which covers 30.2 mi of the Delaware River between the Montague and locks Island gaging stations, was selected for these tests. A test simulation with a daily time step showed that the adopted convention of 6-hour partitioning of daily discharges provided no improvement for this particular reach; however, significant improvements in simulations were obtained through use of 6-hour time steps for the shortest of the study reaches.
After selection of the flow records and appropriate multiplication factors to calculate input discharges for a reach (table 5) -table of reach 13 (table 4) resulted from a trial-and-error balancing of root mean square errors and standard errors of estimate. 2 Standard error of estimate, which is calculated as the square root of the difference between the squares of the total root mean square errors and the total bias errors for the pairs of observed and simulated daily discharges for 1979-83.
3 Root mean square error. 4 Routing factor. 5 Factor applied to storage volumes of the F-table for reach 13 (table 4) .
EVALUATION OF THE MODELS
The calibrated models were evaluated by visual and statistical comparative analyses of the simulated and observed (recorded) discharge hydrographs for the 5-year calibration period. Particular attention was given to the utility of the composite model of the Delaware River for replicating low-flow discharges for the Trenton gaging station. This model for the Delaware River was verified by similar comparative analyses of the simulated and observed hydrographs for two 3-month periods outside the calibration period.
Hydrooraph Comparisons
Timing and Shape
The developed models produced simulated discharges that, for the most part, closely matched observed daily streamflows. Hydrographs of observed and simulated daily flows for each gaging station on the Delaware River were nearly identical for the entire 5-year calibration period. The accuracy of a flow simulation during low-water periods is of prime concern to water managers who use flow-simulation models, such as HSPF, to estimate basin yields under conditions of extreme drought. Figure 4 shows, by comparative hydrographs of observed and simulated daily discharges for the 3 months of lowest flows in the 5-year calibration period, how well the calibrated model for reaches 1-21 replicated the observed-flow record. At the Trenton stream-gaging station, as well as for other gaged sites on the Delaware River, the timing of simulated peaks and troughs matched the observed hydrograph to within 1 day in nearly all cases. The simulated hydrograph tends to lag the observed, owing to the model requirement that all inflows be inserted at the upstream ends of reaches. Tuning errors for the modeled tributaries of the Delaware River were all less than 2 days, and were typically less than 1 day. 
Volume
Statistical evaluations were made of simulated volumes of streamflows for gaging stations at the downstream ends of the reaches. Table 7 presents a summary of root mean square errors and bias, as percentage of total flow during the 5-year calibration period, for these reaches. The data in table 7 were developed from analyses of a 34-class partition of the range of flows at the downstream gaging station of each indicated reach segment. Inspection of the root mean square error and bias for each flow class disclosed that the greatest errors in the simulations were in the upper and lower 2 percentiles of flow, that is, at extreme peaks and troughs. Errors were generally uniformly distributed for the other 96 percent of simulated flows, but more so for gaging stations on the Delaware River than for gaging stations on the modeled tributaries. The poorest simulations are those for the Lackawaxen and Neversink Rivers, for which large fractions of the inflows were estimated (table 5) . Furthermore, flow sequences on both of these streams are greatly altered by regulation and diversion. 
Duration-of-Flow Comparisons
Comparative duration curves (cumulative-frequency distributions) were prepared from the 34-class partitions of observed and simulated streamflows for each gaging station that is located at the downstream end of a study reach. These curves aided in calibrating the weighting factors that were applied to various flow records to estimate ungaged inflows (table 5). Figure 5 shows observed and simulated flow-duration curves for the gaging station on the Delaware River at Trenton, N.J. The simulated-flow curve is the result of the calibrated model for reaches 1-21, as presented in table 1. This illustration typifies the close match between observed and simulated flow-duration curves for each gaged reach on the main stem of the Delaware River, as well as for those on the Lehigh River, the Schuylkill River, and Brandywine Creek. The root mean square error data of table 7 provides a relative index to the "fit" of the simulated-flow curves for these reaches. 
Verification of Models
Verification of the calibrated HSPF routing model for the Delaware River (table 1) was performed by simulation of daily streamflows for an extreme low-water period in 1966 and for August through October of 1985, which was a period of a wide range in streamflows. Daily discharges observed at the Trenton gaging station in the period July 1 to September 30, 1966, were lower than the corresponding simulated discharges on all but 5 of 92 days. Observed discharges were 35-40 percent lower than the simulated discharges for the lowest 50 percent of streamflows in this 3-month period. Over-estimation of low flows was less severe for upstream gaging stations on the Delaware River, which suggests that many of the ungaged tributary streams in the reach downstream from the confluence of the East and West Branches of the Delaware River had disproportionately low yields during this period of extremely low flows. Additionally, diversions from the Delaware River for public supplies and diversion into the Delaware and Raritan Canal were comparatively large at that time. The simulation of low flows at Trenton during August-October 1985, which were about 50 percent greater than those of the 1966 period, yields results comparable to those of the 1979-83 calibration, as evidenced by a root mean square error of 3.4 percent and a bias of -1.2 percent. There was no diversion to the Delaware and Raritan Canal in 1985. How-duration curves of observed and simulated flows for August-October 1985 are shown in figure 6 . This simulation confirmed the calibrated model for reaches 1-21 for the Delaware River. Verification tests were not performed on the models for streams tributary to the Delaware River. 
SUMMARY
The Hydrologic Simulation Program -Fortran (HSPF) model that was calibrated for routing daily streamflow in the Delaware River, Lehigh River, Schuylkill River, and Brandywine Creek produced satisfactory simulations at all magnitudes of streamflow, except for approximately 2 percent of extreme highs and lows. Overall, root mean square errors for 5-year streamflow simulations for various reaches on these streams ranged between 0.4 and 9.4 percent. Considerably greater errors resulted from the calibrated models for the Lackawaxen and Neversink Rivers, which are highly regulated and for which it was necessary to estimate more than 50 percent of the inflows to the modeled reaches.
Channel-storage volume, which must be specified for selected rates of flow, is the principal variable to be determined in calibrating the RCHRES flow-routing module. Discharge-storage volume relations were developed for 31 reaches on the modeled streams. Several sets of cross-sectional data for the study reach were sufficient to begin the trial-and-error process of adjusting the discharge-volume relations of the F-tables so as to optimize the timing of the simulated hydrographs. Large adjustments in storage volumes, as well as adjustments to the slopes of some first estimates of the volume-discharge relations, were necessary to achieve timing errors of 1 day or less.
The quality of the routing calibration is commonly limited by a scarcity of suitable daily streamflow data to use in estimating ungaged inflows. These inflows were estimated by applying weighting factors, also in a trial-and-error simulation process, to selected records of gaged daily streamflows. Both the streamflow records and their weighting factors were selected to minimize simulation errors over the full range of observed flows.
Should the need arise to calibrate fully the HSPF model for rainfall-runoff or water-quality simulations in the watersheds of the modeled streams, the information presented herein will provide the components of the RCHRES modules.
